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DISCLAIMER

This book was prepared as an acount of work sponsored by an agency of the United States
Government. Neither the United States Government nor any agency thereof, nor any of
their employees, makes any warranty, express or implied, or assumes any legal liability
or responsibility for the accuracy, completeness, or usefullness of any information,
apparatus, product, or process disclosed, or represents that its use would not infringe
privately owned rights. Reference herein to any specific commercial product, process,
or service by trade name, trademark, manufacturer, or otherwise, does not necessarily
constitute or imply its endorsement, recommendation, or favoring by the United States
Government or any agency thereof. The views and opinions of authors expressed herein
do not necessarily state or reflect those of the United States Government or any agency
thereof.



EXECUTI VE SUMVARY

As part of Science Applications' involvement in the Eastern Gas
Shal es Project, a research programis being conducted to evaluate unconventiona
wellbore stimulation technologies. Included in this effort is the devel opnent of
nurerical nodels to describe and predict |aboratory experiment and field denon-
stration results. The numerical nodel devel opnment is also being used in para-
meter sensitivity analyses to determine the inportance of various aspects of
dynani ¢ wellbore | oadi ng phenorenol ogy.

This report presents the results of a nunerical evaluation of the
tail ored-pul se-loading concept in stinulating gas shale. Tailoring the pul se
that the wellbore rock experiences has been attenpted in a nunber of ways
Various explosives which detonate and propellants which deflagrate have been
used alone or in conmbination to achieve the desired result. Decoupling the
charge fromthe borehole wall by centering it in an open air-filled borehole
or by using a liquid pad between the centered charge and the wellbore wal |
is also another approach to tailoring the pressure pulse which the rock
experi ences. Each has the goal of: 1) maxim zing the wellbore | 0ading rate
so that multiple fractures are initiatied in the rock, yet 2) nininizing
the peak pressures achieved in the wellbore so that the rock yield stress is
not exceeded, and 3) mmintaining high pressures and fluid availability in the
wellbore to internally pressurize and extend initiated fractures.

An evaluation of three tailored-pulse |oading paraneters has been under-
taken to access their inportance in gas well stimulation technology. This
nurerical evaluation was performed using STEALTH finite-difference codes and
was intended to provide a neasure of the effects of various tail ored-pul se
| oad configurations on fracture devel opnent in Devonian gas shale. The three
paraneters considered in the sensitivity analysis were

e Loading Rate
e Decay Rate

e Sustai ned Peak Pressures



By varying these parameters in six conputations and conparing the
relative differences in fracture initiation and propagation the follow ng
concl usi ons were drawn:

Fracture initiation is directly related to the loading rate
applied to the wellbore wall. Loading rates of 10, 100 and
1000 GPa/sec were model ed.

e |f yielding of the rock can be prevented or nininized, by
mai ntaining |low peak pressures in the wellbore, increasing
the pulse loading rate, to say 10,000 GPa/sec or nore, should
initiate additional nultiple fractures.

e Fracture initiation does not appear to be related to the
tailored-pul se decay rate. Fracture extension may be in-
fluenced by the rate of decay. The slower the decay rate,
the longer the crack extension.

Fracture initiation does not appear to be inproved by a high
pressure plateau in a tailored-pulse. Fracture propagation
may be enhanced if the maintained wellbore pressure plateau
is of sufficient magnitude to extend the range of the tangentia
tensile stresses to greater radial distances.



PREFACE

The Eastern Gas Shales Project (EGSP) of the Departnent of Energy (DCE)
has the goal of examning narginal gas resources and to determne what
met hods would be required to extract the vast anounts of natural gas trapped
in eastern Devonian shales. As part of this project the Mrgantown Energy
Technol ogy Center (METC) is conducting a research programto eval uate stimu-
ation technologies in these relatively inperneable gas shal es. (One aspect
of this programis concerned with nunmerical nodel devel opnent which woul d be
used in assessing the suitability of various stimulation treatnments. Part
of this study is being conducted by Science Applications, Incorporated (SAl)
under contract to METC. This report presents the results of a conputational
eval uation of the tailored-pul se-loading concept in stimlating Devonain gas
shale. The analysis addresses |oading and decay rates internediate to those
of explosive and hydraulic stinulation treatnents.
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1. | NTRODUCTI ON

Because of the inherent |ow perneability of Devonian gas shale, any
stimulation technique applied to it must entail same in-formation fracturing
A principal objective of explosive stinulation techniques has been the for-
mation of nultiple fractures and/or extending natural fractures by loading the
rack dynamically. Tailored-pulse-loading represents a stimulation technique
whi ch has developed to optimze fracture formation and growth. The desired
result is to create cracks of adequate extent in the preferred direction to
intersect as many gas bearing natural fractures as possible, without the well-
bore danmge typically associated with conventional explosive borehole shooting.
A detailed know edge of the relationships between the processes controlling
rock fracture and the stress history of the dynamic loading is a necessary
requirenent in efforts to optinize the explosive stinulation pressure-tine
history. Mich recent research has been directed towards this understanding
of the stimulation phenonenon and several stinulation processes have been
devel oped to quantify and denonstrate the pulse tailoring concept.

The optimzed pulse would avoid linitations inherent in both hydraulic
fracturing and conventional explosive fracturing. Hydraulic fractures, which
are initiated and propagated at pressures that are slightly higher than the
mnimumin situ stress and for punping tines that are on the order of hundreds
of seconds, typically produce only a single-pair of fractures where orientation
is aligned with the in situ stresses. Conventional explosive detonations
which usually have peak pressures that are orders of magnitude above the in

situ stresses and occur in mcroseconds, often cause considerabl e borehole

crushing and leave a residual conpressive stress zome around the wellbore

The wellbore damage and stress cage will often seal off any cracks that are
formed further fromthe wellbore. A tailored pulse would incorporate the
benefits of hydraulic and explosive fracturing by inparting a controlled

pressure load such that: 1) the peak radial stress is below the rock flow stress
yet above the in situ stress level; 2) the peak circunferential stress is above
the tensile strength of the rock; 3) the initial loading rate is large enough



toinitiate nultiple fractures; and 4) the duration of the pulse and the
permanent gases generated by the explosive detonation or propellant burning
is sufficient to extend the nmultiple fractures relatively long distances.

Initial efforts on tailoring the borehole pressure pulse, to satisfy
the above nentioned conditions, were carried out by Physics International and
have resulted in the Dynafrac process (6 ). Subsequent efforts have been
performed by Kinetech Corporation (Kinefrac, 4 ) and Sandia Laboratories
(Gas-Frac, 8 ). The Dynafrac process uses a fast |oading-rate explosive
pulse to initiate nultiple fractures with a superinposed slow burn-rate
propel lant pulse (as the explosive pulse decays) to extend the fractures
Kinefrac and Gas-Frac use deflagrating charges (propellants) with |oading
rates slower than explosives but large enough to initiate nultiple fractures
Bath are high gas generators with | ow enough peak anplitudes to mnim ze bore-
hol e crushing and stress cage devel opnent. Abundant gas generation naintains
the pulse long enough to permit the high pressure gases in the borehole to
enter and extend the created nultiple fractures. A buffering fluid (water)
is employed in the Kinefrac and Dynafrac process to provide the desired |oad-
ing rates while restricting peak pressures to bel ow those which cause bore-
hol e danage by crushing and shear deformation of the rock

Anal ytical, numerical, and laboratory and field experinental progranms
are currently being conducted to evaluate the potential for multiple fracture
devel opment and the influence of tailored-pulse-loading. As a part of this
effort, Science Applications, Inc. (SAl) is conducting a research programto nuneri-
cally evaluate a nunber of unconventional wellbore stimulation techniques. This
report summarizes a parameter sensitivity analysis that was performed to deter-

m ne the influence of several inportant aspects of the tail ored-pul se-1oad on
fracture initiation and propagation.



2. PARAMETER SENSITIVITY ANALYSIS OF TAI LORED- PULSE LOADI NG

SAI's current effort in evaluating the concept of tailored-pul se-Ioading
is concerned with the fracture devel opment in Devonian gas shale as a result
of six generic tailored-pulse loads. The initiation and propagation of
mul tiple cracks generated at the wellbore wall is expected to be directly
related to the rate at which a I oading pulse rises and decays. By nunerically
model ing the effects of a tailored-pulse load we can begin to identify the
conbi nations of loading rates and decay functions that are responsible for
the generation of optimal fracture patterns

The STEALTH* (5) time-explicit finite difference codes were used in this
evaluation. Material descriptions, boundary conditions and nodel geonetry
were defined to nmodel six tailored-pul se | oads on a wellbore wall in Devonian
gas shale. The nodels were designed to replicate typical i.n situ conditions
The calculations perfornmed were one-dinensional and cylindrical, describing
an infinitely long wellbore. Because these were primarily scoping calculations
to assess general response and parameter sensitivity and were not concerned
wi th wellbore end effects or time-lapse effects, one-dinensional conputations
were considered the nost cost-effective nethod to describe the radial and cir-
cunferential response desired. Since the analysis was one-dinensional, pre-existing
shal e bedding planes (i.e., initial fractures) were not nodeled. The shale
model, therefore, represents a honogeneous, isotropic, and initially unfractured
rock mass

As input to the STEALTH/CAVS conputation, the material behavior of the
gas shale required appropriate constitutive equations describing the elastic
response, yielding and the plastic response, compressibility/compactability
and tensile fracture. Science Applications has recently conpleted a survey
(3) of the Devonian gas shale static and dynami c nmechanical properties. A
sumary of the material properties and initial conditions used in these cal-
culations, taken from Reference 3 is presented in Table 1.  Conpressibility
of the gas shale is nodeled using the equation-of-state description shown in

*STEALTH (Solids and Thernal Hydraulic code for EPRI adapted from Lagrange
TOODY and HEMP) developed under EPRI contract RP-307.



Figure 1. The yield envelope used in the isotropic plasticity nodel is shown
in Figure 2, and was constructed fromthe results of a series of static tri-
axial tests on a brown gaseous Devonian gas |oaded parallel to the bedding planes
The tensile failure of the shale is nodeled using the CAVS (Cracking and Void
Strain) fracture nodel. Its use in STEALTH and its theoretical basis is de-
scribed in Reference 7. Exanple conputation results for explosively |oaded
deep wellbore are presented in Reference 1. Details of the crack propping
sub-nodel s are described in Reference 2. Initial stress conditions have

been defined to nodel in situ conditions at a depth of = 325 neters. Assum ng
a 1 psi/foot of depth for the overburden stress and 0.7 psi/foot of depth for
the horizontal stresses, the initial vertical stress is 7.35 MPa and the hori-
zontal stresses are 5.15 MPa. The geometry and zoning of the one-dimensional
cylindrical nodel is shown in Figure 3

The purpose of these calculations is to understand the influence of the
shape of an applied wellbore pressure pulse on the fracture initiation and
propagation in the shale. Conputationally the pulses are applied with a
defined pressure boundary history. The rate at which the pulse rises and
the shape of its decay are paraneters that could affect the number and extent of
cracks devel oped. The pulse loading and decay rates for each of six cases are
listed in Table 2. 1t should be noted that in each of the sinulations pressuri-
zation of the cracks, possible through a submodel in CAVS, was not enployed
This study directed its attention to stress wave fracture initiation and
propagation only. CQher reports have shown that the additional influence of
internal crack pressurization will extend fractures to considerable radial
distances, once they are initiated by the propagating stress wave. The
model s have been divided into three basic groups with either the loading rate
or decay rate being held constant for each group and are discussed bel ow.

2.1 Goup 1 Calculation Description and Results

The primary interest in this first set of calculations was to evaluate the
effect of the tailored-pulse loading rate on the induced fracture devel opment
around the wellbore. Slow, internediate and fast rising pulses each with iden-
tical decay functions are shown in Figure 4. The three different pulses, TPLI1,



TPL2 and TPL3, were nodel ed as the applied wellbore pressure histories for
Case 1, Case 2, and Case 3, respectively. Loading rates were chosen to bracket
the range commonly addressed by existing slow and internediate rate tailored-
pul se stinulation treatments, particularly those using propellants. Prelim
inarily, it was expected that the slower loading rate would initiate fewer

nul tiple cracks than the faster loading rate. A lower bound of a single pair
of cracks would be expected for quasi-static |oading.

Field observations of Sandia (8) fromthree experinents in ash-fall tuff
have shown a dependence of the nunber of initiated radial fractures on the
pul se loading rate. Wth a pulse loading rate of 0.6 GPa/sec a single pair of
opposing fractures devel oped. Loading at a rate of 140 GPa/sec, 7 to 12
fractures were induced. At a rate of greater than 10,000 GPa/sec as nmany as
16 nultiple fractures were initiated although their radial extend was minimal
because of the yielding that occurred as a result of the high peak wellbore
pressure.

Topreclude yielding of the near-wellbore rock, which will cause stress
wave nodifications which nmay prohibit hoop tensile failure, each of the

three calculations of this group were perfornmed with a defined pul se which has
the same | ow peak pressure (50 MPa). This maxinum pressure does not cause Yyielding

of the rock, and the sensitivity analysis was thus a conparison of the |oading

rate only. The loading rates of the calculations in this group were 10, 100,
and 1000 GPa/sec.

Results of the Case 1, Case 2 and Case 3 calculations are shown in Figures
5 through 9, Figures 10 through 14 and Figures 15 through 19, respectively.
Figures 5, 10 and 15 show the radial and tangential stress histories at the
borehole wall for each of the three cases. Figures 6, 11 and 16 show sinilar
histories at 0.5 neter radial distance fromthe wellbore center. The lack of
near-wel I bore yielding in each case is illustrated by the elastic rebound of
the wellbore wal |. Figures 7, 12 and 17 are time histories of the radial
position of the wellbore wall for Cases 1, 2 and 3, respectively.

Figures 8, 13, and 18 are the CAVS calculated fracture patterns for the
three cases. The slow loading rate (10 GPa/sec) sinulation (Case 1) induces

a single crack as shown in Figure 8. A pair of cracks, as mentioned above,



woul d be expected to duplicate the field observations. The difference is largely
attributed to the present CAVS crack odometer description (2) which uses a
sequential description for crack growth rather than a consecutive crack growth
description. The sequential odoneter first allows a single crack to grow across
a conputational zone, then a second crack to grow in the opposite radial direc-
tion. After a pair of zone through-cracks devel op, additional cracks (defined

by the odoneter) successively subdivide the inter-crack spacing; creating 4,

8, 16, . . . . cracks. This calculation illustrates a deficiency with the present
odormeter definition, which has been recognized by SAl for some tine. Current
efforts are being directed towards the definition of an odometer which provides
for consecutive cracking, whereby cracks are described using a 2, 4, 8, 16,....
crack devel opnent schene but where cracks need not be zone through-cracks before
new partial cracks are initiated. The new approach will allow for the possi-
bility of any number of partial cracks, grow ng consecutively, and will be

strain rate dependent.

Figures 13 and 18 provide a conparison of the effects of two different
wellbore pressure loading rates. The calculation with a |oading rate
of 100 GPa/sec (Case 2) shows the devel opnent of four radial cracks. Case 3
(1000 GPa/sec loading rate) results show the devel opment of eight cracks. The
significance of these crack patterns is that if yielding is prohibited or mni-
mzed, an increased loading rate will induce a greater number of nultiple
fractures. A still higher loading rate, for exanple 10,000 GPa/sec, would be
expected to produce 16 (or mare) radial cracks (as suggested by Sandia's field
observations described above) initiating at the wellbore wall.

Figures 9, 14 and 19 are void strain plots as a function of radial dis-
tance in the rock. The void strain (a measure of the crack width) is conparable
in each of the three cases. Note fromthe figures that as the applied wellbore
pressure pul se decreases and the tangential stresses relax, the cracks close
in response to the increased conpressive stresses. The residual, but snall
void strain distribution in each case is a reflection of the crack junbling
sub-model that is included in the CAVS fracture nodel



2.2 Goup 2 Calculation Description and Results

In the second set of calculations pressure-tinme histories applied to
t he wellbore wall had identical loading rates (100 GPa/sec of Case 2) but
substantially different pulse decay rates. Figure 20 shows the three tailored-
pul se loads applied in this group of calculations. Conparison is nmade between
Case 2 of the first group of calculations described in Section 2.1 and the two
additional calculations of this group (i.e., Case 4 and Case 5).

A conparison of the CAVS fracture plots for Cases 4 and 5, shown in
Figures 21 and 22, and that of Case 2 shown in Figure 13, indicate little
apparent difference in the induced crack pattern. Slight inprovenent can be
detected for the slower decay rates which is attributed to the |onger duration
of the induced tangential tensile stress which occurs in the slower decaying
pul ses.

2.3 Goup 3 Calculation Description and Results

The purpose of this group of calculations is to evaluate the effect on
the crack devel opnent of a maintained pressure plateau at the maxi num pul se
pressure. Figure 23 illustrates the applied tailored-pulse of Case 6 (TPL6)
The pul se described for Case 6 is simlar to Case 2, but a sustained pressure
level is maintained for 2.5 mlliseconds after the peak pressure is reached
and before pressure decay begins. Figure 23 also shows the Case 2 (TPL2) and
Case 4 (TPL4) pul ses for conparison. Maintaining the high wellbore pressure
for an additional period of time would, as initially speculated, provide the
mai ntai ned tangential tensile stress required for additional crack propagation
of the already initiated cracks. No new crack initiation was suspected.

Calculation results of the Case 6 (TPL 6) sinulation are shown in Figures
24 through 26. Figures 24 and 25 are stress histories in the shale at the
wellbore wall and at a radial distance of 0.5 nmeters. Note the maintained high
radial stresses in these two figures, reflecting the applied wellbore wal
pressure history. The tangential stress shown in Figure 24, for the conputa-
tional zone near the wellbore Wall, exceeds the material tensile strength



(5 MPa) nonentarily and quickly relaxes to zero in response to the stress

rel axation associated with the crack free face devel opnent in that zone. The
induced tangential stress, in this first shale zone, during the period of

the high pressure plateau of the applied pulse is not tensile enough to

initiate new cracks and thus during this period the stresses are relaxed

to zero. Figure 25 shows the stress history in a zone at a greater radial
distance than the |ongest induced crack (see Figure 26). Note here that the tan-
gential and radial stress histories describe the applied pul se shape. Nocracks
have formed at this distance (the maxi num hoop tensile stress does not exceed the
material tensile strength) and no hoop stress relaxation occurs.



3. SUMVARY AND CONCLUSI ONS

In support of the continued evaluation of the tailored-pul se-loading
concept the analysis of three tailored-pulse |oading paraneters has been
undertaken to access their inportance in gas-well stinulation. This nunerical
eval uation was performed using STEALTH finite-difference codes and was intended
to provide a measure of the effects of various tailored-pulse |oad configura-
tions on fracture devel opment in Devonian gas shale. The three paraneters con-
sidered in the sensitivity analysis were

e Loading Rate,
e Decay Rate, and

e Sustai ned Peak Pressures.

By varying these paraneters in six conputations and conparing the
relative differences in fracture initiation and propagation, the inportance
of each can be determined. Results far these anal yses suggest the follow ng:

e Fracture initiation is directly related to the |oading rate

applied to the wellbore wall. Far a pulse loading rate of
10 GPa/sec a single crack initiated and propagated to ap-
proximately 0.3 neter. For a pulse loading rate of 100

GPa/sec four equal length cracks devel oped to approximately
0.3 neter. For a pulse loading rate of 1000 GPal/sec eight
cracks devel oped; four to a distance of approximtely 0.3
meter and four to a distance of approximtely 0.03 neter

e |If yielding of the rock can be prevented or minimzed, by
mai ntaining |ow peak pressures in the wellbore, increasing
the pulse loading rate, to say 10,000 GPa/sec or nore
should initiate additional multiple fractures

e Fracture initiation does not appear to be related to the
tailored-pul se decay rate. Fracture extension may be in-
fluenced by the rate of decay. The slower the decay rate
the longer the crack extension

e Fracture initiation does not appear to be inproved by high
pressure plateau in a tailored-pulse. Fracture propagation
may be enhanced if the maintained wellbore pressure plateau
is high enough to extend the range of the tangential tensile
stresses to greater radial distances.



In light of these conclusions, optimzation of a wellbore tail ored-pul se
| oad should give consideration to maximzing the loading rate of the applied
pulse in order to maximze multiple crack initiation. Faster loading rates
general ly are associated with |larger peak borehole pressures because of the
nature of explosive/propellant energy release. To achieve the desired multiple
crack initiation without the detrinental effect of rock yielding, the pulse
should have a fast rate of loading but with |ow peak anplitude. Incremental ly
increasing the loading rate and the peak pressure to determne the crossover
poi nt between maximum fracture initiation and detrimental wellbore yiel ding
woul d be an area for further paraneter sensitivity evaluation.
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TABLE 1. DEVONIAN GAS SHALE MECHANI CAL PROPERTI ES*

DENSI TY o = o /V, kg/m’
v = relative vol une
o = initial density,
° 3
2512 kg/m

ELASTICITY (isotropic)

Conpressibility (equation-of-state) wQ P = A+ By + cuz, Pa
- see Figure 1 u<o P = A+ By, Pa

P = pressure

U = (l-v)/v

V = relative volume

A = -1.934 x 10’ Pa

B = 6.741 x 10° Pa

¢ = 1.710 x 10*! Pa
Distortion (constant shear modul us) G = 1.444 X 1010 Pa

PLASTICITY (isotropic)

Yield Stress Y = A+ LB+ Ccm);é, Pa
-See Figure 2

Y = stress difference

o, = [ean stress,8 Pa

A = -1.001 x 10" Pa

B = 6.061 x 10°° pa’

C = 2.323x10° Pa
Yield Criterion von Mses as defined in STEALTH
Flow Rul e non-associ ative Prandtl-Reuss as defined in STEALTH
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TABLE 1. DEVONI AN GAS SHALE MECHANI CAL PROPERTI ES* (conti nued)

TENSI LE _FAI LURE (i sotropic)

Virgin tensile strength

CAVS ratio of crack initiation -

to - crack propagation strength (constant)

CAVS crack initiation and propagation
strengths adjusted according to the
degree of nearby cracking

Tensile Bulk Mdulus (constant)

CAVS Crack Propping and Internal Pressurization

IN SITU STRESSES (initial, anisotropic)

Verti cal (1067" at 1 psi per foot)
Hori zont al (1067" at 0.7 psi per foot)

INITIAL jornTg (Simulating bedding planes)

*Conpi | ed from Reference (3)

13

5.03 x 106 Pa

current

crack initiation
strength of three
orthogonal cracks
(k = 1,2,3), Pa

1.05 (constant)

nunber of zone
t hrough cracks

6.741 x 10° Pa

NO

7.35 x 10° Pa

5.15 x 10° Pa

No



TABLE 2. SUMVARY OF TAI LORED- PULSE- LOAD DESCRI PTI ONS

GROUP 1
TPL1 TPL2 TPL3
Loadi ng Rate (GPa/Sec) 10 100 1000
Decay Constant D* -500 -500 -500
Plateau Length (mlliseconds) 0 0 0
GROUP 2
TPLA TPL2 TPL5
Loadi ng Rate (GPa/Sec) 100 100 100
Decay Constant D* -100 -500 -1000
Plateau Length (milliseconds) 0 0 0
GROUP 2
TPL2 TPL4 TPL6
Loadi ng Rate (GPa/Sec) 100 100 100
Decay Constant D -500 -100 -500
Plateau Length (milliseconds) 0 0 2.5

*The decay is an exponential function of time and the decay constant D where

11 AtxD
P=5x10"=%e
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Figure 1. Equation-of-state for Devonian Gas Shale
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